We report on a stable isotope paleodietary reconstruction of Jomon populations in Japan during the Middle to Final Jomon period (ca. 5000-2300 years BP), focusing on dietary differences within and among populations and between regions. Carbon and nitrogen isotope analysis was performed on human and faunal bone collagen from six coastal sites along the Inland Sea in the Sanyo (Ota, Funamoto, and Tsukumo) region and along Mikawa Bay and the Pacific Ocean in the Tokai (Kawaji, Yoshigo, and Inariyama) region. We found that carbon and nitrogen isotope ratios were positively correlated, indicating that the Jomon people consumed a mixed diet of marine (shellfish and marine fish) and terrestrial (C 3 plants and terrestrial mammals) protein. In the Ota samples (n=25, during the Middle Jomon period, 5000-4000 years BP), sex was one of the main reasons for the intra-population dietary variation. Ota males consumed greater amounts of marine food, while Ota females consumed greater amounts of terrestrial food; these dissimilar diets may have been related to the sexual division of labor. Significant inter-population dietary differences were found, which may have been related to differences in age or site location. Notably, the two coastal regions showed clear isotopic differences. Nitrogen isotope ratios of individuals from the Sanyo region were significantly higher than ratios of individuals from the Tokai region. The individuals in the Sanyo region might have consumed a diet high in aquatic foods, particularly high trophic level marine fish, whereas the individuals in the Tokai region might have consumed a lot of marine shellfish.
Introduction
The period of Jomon culture in the Japanese Archipelago lasted from 13000 to 2300 years BP. The Jomon people were hunter-gatherers who are well known for their cord-marked pottery. The Jomon people in general led a sedentary life, effectively exploiting marine and/or terrestrial resources; rice agriculture was not introduced until the following Yayoi period (see Habu, 2004; Kobayashi et al., 2004) .
The diet of prehistoric populations is an important indicator of how they subsisted and adapted to the environment. Central to the subsistence of the Jomon people was their exploitation of a wide variety of wild seasonal food resources (Akazawa, 1986; Kobayashi et al., 2004) . Although the composition of meals of the Jomon population can be inferred from faunal and floral remains in excavated sites, the potential of these remains for reconstructing diet is limited, because food items actually ingested disappear from the site and food remains are subject to taphonomic bias due to decomposition in the soil. A further limitation is that although food remains at a given site may indicate the consumption of particular food items by site-dwellers as a whole, they give no indication of intra-population dietary differences.
Paleodietary reconstruction using carbon and nitrogen isotope analysis of human bone collagen is a widely used method to determine the diet of prehistoric populations (e.g., Ambrose and DeNiro, 1986; Craig et al., 2009; Hedges et al., 2008; Hu et al., 2009; Schulting et al., 2008; Walker and DeNiro, 1986 ). Isotope analysis is based on the principle that the tissues in an animal's body are derived from its dietary intake.
Laboratory experiments have shown that the composition of an animal's body protein primarily reflects that animal's dietary protein intake (Ambrose and Norr, 1993; Tieszen and Fagre, 1993) . The turnover rate of bone collagen in vivo is several years (Libby et al., 1964; Stenhouse and Baxter, 1979) , meaning that stable isotope ratios obtained from human skeletal remains record the average isotopic composition of an individual's dietary protein intake over the several years prior to death. Thus, stable isotope analysis can reconstruct the diet of prehistoric populations and has the potential for detecting dietary differences among individuals in these populations. Carbon stable isotope analysis is generally used to characterize a diet from C 3 (plants adapted to temperate ecosystems, including most vegetables, fruit, and wheat) versus C 4 (plants adapted to hot, arid ecosystems, including millet, maize, and sugarcane) ecosystems (Pate, 1995) or, in an environment without C 4 plants, marine versus terrestrial ecosystems (Chisholm et al., 1982; Schoeninger et al., 1983; Sealy and van der Merwe, 1985; Tauber, 1983) . Nitrogen stable isotopes reflect the position of an individual in the food chain, because body tissues show a 3-4‰ enrichment in δ 15 N relative to diet (Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984) .
Stable carbon and nitrogen isotope analysis of human bones from the Jomon period has been used in several studies (Chisholm et al., 1992; Kusaka et al., 2008; Minagawa and Akazawa, 1992; Minagawa, 2001; Roksandic et al., 1988; Yoneda et al., 1996 Yoneda et al., , 2002 Yoneda et al., , 2004 . Previous isotopic studies have suggested the possibility of sex-based dietary differences in the Jomon population (Chisholm et al., 1992; Kusaka et al., 2008; Yoneda et al., 1996) . Chisholm et al. (1992) suggested that the sex-related differences in isotopic values they observed in Hokkaido resulted from different modes of food acquisition in males and females: males hunted, while females fished and gathered plant food.
Investigating intra-population dietary differences could therefore reveal aspects of social organization in the prehistoric population.
In addition, Minagawa (2001) investigated isotopic differences in diet among a large number of the Jomon samples and found that the Hokkaido Jomon people seemed to depend largely on marine mammals and fish, the Jomon people of the Sanyo and Kyushu regions consumed large amounts of marine food, and the Jomon people of the Kanto and Tohoku regions, as well as the Inland Jomon people, consumed mainly terrestrial food. Minagawa (2001) suggested the possibility of regional dietary differences in Honshu, but this possibility has not been well investigated. Meanwhile, discriminant function analysis of two kinds of Jomon tool-kits, lithic and fishing, revealed four geographical groups of sites that adapted to different environments (Akazawa, 1986) . The coastal Jomon societies of eastern Japan had a procurement system in a forest and estuarine/Pacific littoral ecosystem year round, while the western Jomon people, who lived in a forest and freshwater ecosystem, lacked marine product resources in spring and summer, and experienced seasonal resource depletion (Akazawa, 1999) . In addition, regional differences of dental disease and systemic stress between Western and Eastern Japan have been suggested based on linear enamel hypoplasia (LEH) frequencies of Jomon skeletal remains. Temple (2007) found that western and inland sites showed higher LEH frequencies than eastern sites, and the differences were interpreted to reflect one of two possible reasons: firstly, seasonal stress from living in an environment where high caloric resources fluctuated seasonally; secondly, lack of nutrition from plant-based resources. In addition, equal levels of frequencies of caries in teeth of the Late-final Jomon samples between western and eastern Japan suggested that these populations consumed resources with comparable plant carbohydrates (Temple, 2007) . These findings are, however, general trends of data sets, and Temple (2007) stated that inter-regional stress variation also played a significant role in directing the biological and cultural evolution of Jomon people.
This study reports the results of carbon and nitrogen stable isotope analysis on Jomon samples from six sites in the Sanyo and Tokai regions of Honshu in Japan during the Middle to Final Jomon period (ca. 5000-2300 years BP). The Sanyo and Tokai regions are included in western and eastern Japan, respectively. Comparing the diets of these two regions is important because large quantities of Jomon skeletal remains have been recovered in these regions, and these skeletal remains have provided a significant contribution to the study of the physical anthropology of the Jomon period. Based on pollen analysis, the Middle Jomon period is considered to have been the warmest period in the Holocene, while the Late-Final Jomon period was a period of cooling (Tsukada, 1986 ). This study aimed: (a) to characterize the diet of the Jomon samples compared with estimated food sources; (b) to explore intra-population dietary differences by comparing isotopic values among subgroups according to sex; (c) to assess inter-population dietary differences in the Sanyo and Tokai regions; and (d) to assess regional dietary differences between the Sanyo and Tokai regions.
Materials and Methods

Jomon sites in the Sanyo and Tokai regions
Ninety-six skeletal remains from five Jomon sites of two coastal regions in Japan were studied (Tables 1, 2 ). Stable isotope data of Inariyama and Yoshigo individuals were published by Kusaka et al. (2008) , and these data were used in order to compare diets in the two regions. The Sanyo region comprises the Ota, Funamoto, and Tsukumo shell mounds, and the Tokai region comprises the Kawaji, Inariyama, and Yoshigo shell mounds (Fig. 1) . Animal skeletal remains from the Sanyo region (six deer, four boars, and eight fish) were also analyzed (Table 3) . Faunal samples were from some but not all sites, and the sample size was small, but consisted of all available samples in our laboratory. All these sites were excavated by Prof. K. Kiyono (Kiyono, 1969) , and the skeletal remains are stored in the Laboratory of Physical Anthropology, Faculty of Science, Kyoto University. Most of the samples were ribs; bone fragments were analyzed in some samples when ribs could not be obtained.
The Ota shell mound in Onomichi City, Hiroshima Prefecture was excavated in 1926.
Approximately 55 skeletal remains were found together with stone tools and Jomon pottery (Kiyono, 1969) . The skeletal remains of the Ota site have been dated to the Middle Jomon period (ca. 5000-4000 years BP) by pottery types (Shiomi et al., 1971) .
Twenty-five well-preserved human skeletons and the skeletal remains of one deer were selected for analysis.
The Funamoto shell mound is located in Kurashiki City, Okayama Prefecture. The sex of human bone samples was determined on the basis of hipbone morphologies (Phenice, 1969) and cranial features (Buikstra and Ubelaker, 1994) . Age at death was estimated on the basis of the morphologies of the pubic symphysis (Brooks and Suchey, 1990) , the auricular surface of the ilium , cranial sutures , and dental attrition (Lovejoy, 1985) .
Collagen extraction and stable isotope measurements
Bone collagen was extracted in the Laboratory of the Research Institute for Humanity and Nature. Extraction followed a modified Longin's (1971) method described by Yoneda et al. (2004) . A bone sample of about 1 g was ultrasonically cleaned in pure water in order to remove any soil. Humic and fulvic acids were removed from the sample by soaking in 0.2 mol/L NaOH overnight and the sample was neutralized in pure water. The sample was lyophilized and crushed using a mill. The powdered sample was then sealed in a cellulose tube and soaked in 1 mol/L HCl overnight to remove hydroxyapatite. The sample in a cellulose tube was soaked in pure water to neutralize the sample. The remaining material in a cellulose tube was separated into the solid and liquid fractions by centrifugation, and the solid fraction was lyophilized. The solid sample was heated at 90°C for 12 hours in pure water to gelatinize the bone collagen. After centrifugation, the liquid fraction, which contained gelatinized bone collagen, was freeze-dried, and this collagen sample was used for isotopic analyses. 
Statistical analysis
The statistical software JMP (SAS institute) was used for statistical analysis. The
Wilcoxon test was used to compare male with female data in each sample. Statistical significance was evaluated using the P values of 0.05. C and Site effects by using the P values generated from the sequential Bonferroni test (Rice, 1989) . If a collection of k tests is simultaneously carried out, the sequential Bonferroni test ranks the P values from smallest (P 1 ) to largest (P k ), and statistical significance is judged by the P i < α/(1 + k − i). Site[Region] is a random effect of the six sites nested in Region.
Results
Collagen preservation
The carbon and nitrogen stable isotope ratios and C/N ratios of all the subjects' bone samples are listed in Tables 2 and 3 . It was confirmed that diagenetic effects did not influence these ratios based on the quality indicator of C/N ratios (2.9 to 3.6; DeNiro, 1985).
Stable isotope ratios of animal remains
The stable isotope results of animals showed a reasonable range, which is expected from their known feeding habits. Deer samples had a mean δ 
Isotope ratios of human bone collagen
Intra-population isotopic variation
Results of stable isotope analysis on all human bone collagen are summarized in Table 4 , and plotted in Carbon and nitrogen isotope ratios of one Inariyama individual were within the range of other Inariyama individuals previously reported by Kusaka et al. (2008) .
Comparison of possible food sources
In order to characterize the diet of the Jomon samples, isotope ratios of all human bone samples were compared with those of estimated food protein sources (Fig. 2) . The values of the isotopic fractionation between animal bone collagen and human bone collagen, 1‰ for δ 13 C and 3.4‰ for δ 15 N, were added to those of protein sources (Ambrose, 1993; Bocherens and Drucker, 2003; Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984) . The isotopic data on terrestrial mammals (deer and boar) and marine fish (red sea bream) of this study were used for the comparison. Isotope ratios from Yoneda et al. (2004) of estimated food protein sources for the Jomon samples (C 3 plants, freshwater fish, marine shellfish) were used. The values of the isotopic fractionation between food proteins and human bone collagen, 4.5‰ for δ 13 C and 3.4‰ for δ 15 N, were added to those of the protein sources (Ambrose, 1993; Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984) . Humans would show these corrected isotope ratios of a protein source when they had fully consumed the protein source. All isotopic values of protein sources, corrected for isotope fractionation, are listed in Table 5 . The ranges of commonly used fractionation values between diet and human collagen are 4.5-6.1‰ for 
Inter-population dietary difference in each region
Statistical analysis of isotopic data showed significant differences in diet among samples from the Sanyo region. Isotopic variation of samples from the Sanyo region can be explained by multiple regressions with equal slopes and different intercepts (multiple regression analysis: F = 558.9, P < 0.0001 for δ Carbon and nitrogen isotope data of human bones were widely distributed in the range of protein food sources, and suggest that all of the examined Jomon populations consumed these foods (Fig. 2) . The δ Native Americans (Walker and DeNiro, 1984) , coastal Mesolithic people in Europe (Richards and Hedges, 1999) , and southernmost African hunter-gatherers (Sealy, 2006) . This tendency is probably characteristic of populations with access to both marine and terrestrial food sources. In a simple linear mixing model that assumes 17‰ of δ 
Intra-population dietary differences by sex
Sexual differences in isotopic data suggest that Ota males consumed a greater amount of marine foods, whereas females consumed more terrestrial mammals and plants (Fig. 3) .
Pervasive food sharing between males and females in hunting/gathering subsistence economies is largely accepted (Bird, 1999; Kaplan and Hill, 1985; Winterhalder, 1996) , with the result that dietary differences by sex are not evident. However, in some ethnographic records, differential access to animal meat and fat was reported: males often ate the fatty parts of meat while females obtained lesser amounts of animal fat (Kelly, 1995) . The dietary difference between sexes might have been a result of differential access to foods, and might have been related to the sexual division of labor among the Ota individuals. Ota males may have been engaged in fishing, while females may have been engaged in plant gathering, resulting in high frequencies of eating fish for males and plants for females. This possibility is supported by the high prevalence of auditory exostosis in Ota males. Auditory exostoses, which are bony lesions of the external auditory canal, are associated with the exploitation of cold water food resources (DiBartolomeo, 1979; Kennedy, 1986) . Miyake and Imamichi (1931) found auditory exostoses in 25.7% of Ota male crania but none in female crania. Katayama (1998) , who also investigated the frequency of auditory exostoses among many Jomon samples throughout the Japanese Archipelago, suggested that males of the Sanyo samples, including the Ota samples, had a high frequency of auditory exostoses (21.4%), while no females had auditory exostoses. These studies suggest that Ota males were engaged in fishing to exploit marine resources, resulting in higher consumption of marine food.
Another possible explanation is that the observed difference between sexes results from an exogamous, patrilocal marriage pattern, with females moving from inland settlements where diet had lower δ (Kusaka et al., 2008) . At the Kitamura site in Nagano Prefecture, males had a higher average δ 13 C value than females (Yoneda et al., 1996) , as did Ota individuals. In Hokkaido samples, females had higher mean δ 13 C value than males (Chisholm et al., 1992) . These findings cannot conclusively show a clear tendency for dietary differences between sexes, but do suggest that diet varied according to sex in Jomon society.
Inter-population dietary differences within geographic regions
Comparison of isotopic data in each region showed significant differences in diet between sites. In the Sanyo region, the δ cooler during 4000-1500 years BP (Tsukada, 1986) . Evidence of resource instability from the Middle to Final Jomon period has been reported. Tooth caries frequencies of the Middle Jomon samples were lower than those of the Late-Final Jomon samples (Fujita, 1995; Temple, 2007) . This suggests a subsistence shift in response to a climatic change (Toizumi, 2000) . Furthermore, auditory exostosis was frequently found among Kawaji crania, but not among Yoshigo and Inariyama crania (Kiyono, 1949; Yorimitsu, 1935) Meanwhile, food sources lower in δ 15 N, such as marine shellfish, contributed much to the diet of the Tokai individuals. This is appears to be compatible with regional differences of the ecosystem and adaptation of Jomon people (Akazawa, 1999) . Akazawa (1999) proposed that Jomon people in western Japan likely consumed a lot of marine resources but were still living within an ecosystem that did not provide access to these nutritious foods year round, while Jomon people in eastern Japan had access to marine shellfish and finfish throughout the year in an embayment condition. The results of our study suggest that the individuals of the Sanyo region could not exploit enough marine shellfish to compensate for seasonal resource depletion, while the individuals of the Tokai region could consume enough marine foods even in spring and summer. In addition, the trend is consistent with the study of enamel hypoplasia (Temple, 2007) . The high frequency of enamel hypoplasia among western Jomon people might have resulted from the stress of seasonal resource depletion.
Secondly, regional dietary differences between the two regions may have been caused by regional differences in the δ Because there were no regional differences in the δ 13 C values, we propose that the proportions of plant sources consumed in the two regions did not differ greatly. This general trend may be compatible with the lack of regional difference of caries teeth frequencies and stature between western and eastern Jomon people (Temple, 2007 (Temple, , 2008 .
However, dietary dependence on plant sources, which are a rich source of carbohydrates with low amounts of protein, should be explored through stable carbon isotope analysis of tooth enamel, since stable isotope ratios of bone collagen mainly reflect dietary protein sources, while stable isotope ratios of tooth enamel reflect dietary whole carbon sources (Ambrose and Norr, 1993) .
.
Conclusions
The present study used isotopic data to characterize the diet of the Jomon samples of N=number of individuals for stable isotope analyses Regression lines of isotopic data of the Tokai samples.
